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Abstract: The cornea, while appearing to be simple tissue, is actually an extremely complex structure.
In order for it to retain its biomechanical and optical properties, perfect organization of its cells is
essential. Proper regeneration is especially important after injuries and in the course of various
diseases. Eph receptors and ephrin are mainly responsible for the proper organization of tissues as
well as cell migration and communication. In this review, we present the current state of knowledge
on the role of Eph and ephrins in corneal physiology and diseases, in particular, we focused on the
functions of the epithelium and endothelium. Since the role of Eph and ephrins in the angiogenesis
process has been well established, we also analyzed their influence on conditions with corneal
neovascularization.
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1. Introduction

Transmembrane ephrin receptors (Eph) constitute the largest sub-family of tyrosine
kinases receptors (RTK). They are widespread in all tissues, especially during embryogen-
esis and organogenesis. In a mature organism, the expression of Eph in tissues is much
lower, except in the nervous tissue [1,2]. Based on their ligand-binding affinity, sequence
homology, and structure of the extracellular domain, receptors are divided into two sub-
groups. EphA, containing nine receptors (EphA1–A8 and EphA10), and EphB, containing
five receptors (EphB1–B4 and EphB6). Unlike other RTKs activated by soluble ligands, Eph
interacts with membrane-anchored ephrins, also divided into two subtypes—ephrinA (A1–
A6) and ephrinB (B1–B3) [3,4]. EphrinsA are tethered to the extracellular cell membrane via
a glycosylphosphatidylinositol (GPI) anchor. EphrinsB are transmembrane proteins with a
short cytoplasmic region containing a PDZ-binding motif [2]. EphA binds preferentially to
ephrinsA and EphB to ephrinsB. However, there are exceptions to this rule, for example,
EphA4, which reacts with both ephrinsA and ephrinsB [2].

Due to their close bond with the cell membranes, Eph and ephrins can perform
their basic functions, which is positioning cells and organizing their layers in relation
to each other and surrounding tissues during embryogenesis, additionally controlling
migration, adhesion, repulsion, and differentiation of cells in the mature organism [3,5].
They play an important role in angiogenesis, vasculogenesis, and axon guidance [1,6].
They are responsible, among other things, for the formation of the main blood vessels,
valves, and septum in the heart. They also participate in the development of lymphatic
vessels. Moreover, Eph receptors mediate cell-to-cell interactions not only in cells, but also
in the microenvironment—stroma and vasculature [2,7]. Eph and ephrins are directly or
indirectly responsible for a number of processes in a healthy body, which together can be
called the plasticity of mature tissues. They play a key role in maintaining homeostasis of
epithelial tissues, especially in the breast, intestines, and skin [8]. In the circulatory system,
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they support communication between endothelial cells, smooth muscle cells, and pericytes,
stabilizing the walls of arteries and veins and regulating the penetration of monocytes
through them [3,9]. Their role in the platelet aggregation also has been proven [10]. They
participate in the arterial pressure regulation and they affect the function of the cardiac
progenitor cells, which are responsible for the heart muscle regeneration [11]. Considering
the nervous system, Eph and ephrins play an important role in the processes of learning,
memory, and synaptic plasticity, as well as in the nervous tissue regeneration after injuries
and ischemia attacks [2,11]. All the functions of Eph and ephrin described above can be
performed thanks to the modulation of cell-cell adhesion, deadhesion, and retraction. The
type of response to the Eph/ephrin system depends on many factors, such as the intensity
of the expression of receptors and ligands on the cell surface, composition of signaling
clusters, receptor cis or trans configuration, degree of oligomerization, disruption and
internalization of Eph/ephrin complexes, participation of various regulatory molecules,
and cross-talk with other cell signaling systems [3].

The cornea is located in front of the eye. Anatomically, it is an extension of the
sclera. The human cornea consists of the five layers. The first, outer layer is the stratified,
nonkeratinizing squamous epithelium [12]. Together with the tear film that overlays
them, they create a protective barrier against infectious, chemical, and toxic agents and
injuries. Epithelial cells create tight junctional complexes between each other, which
allow them to maintain their proper function as a protective barrier, as well as create a
refractive surface ensuring correct vision [13]. Bowman’s membrane, an acellular layer,
separates the epithelium from the stroma. The stroma consists mainly of collagen bundles
surrounded by proteoglycans. The dominant type of cells located between collagen fibers
are keratocytes. The strictly defined organization of the stroma structure reduces forward
light scatter, ensures the transparency of the tissue, and maintains it adequate strength
and flexibility [14]. The innermost layer of the cornea is the endothelium, separated from
the stroma by the Descemet’s membrane. The single-layer endothelium, composed of the
hexagonal cells, accounts for the corneal clarity by keeping it in a relatively dehydrated
condition [15].

The cornea is an unusual tissue that is characterized by perfect transparency, strength,
and a strictly defined shape. It protects the inside of the eye against injuries and infections
and constitute an essential element of the optical system that allows proper vision [12]. To
maintain its properties, the perfect organization of individual cells is extremely important.
Due to exposure to the external factors, it must also be able to recover quickly and effectively
after superficial injuries [16]. Knowing the basic functions of Eph and ephrin, it can be
deduced that they are involved in the functioning of the cornea.

2. Eph and Ephrin Expression in the Healthy Cornea

The expression of Eph and ephrin in a physiological cornea has not been carefully
investigated, yet. However, determining the expression profile of the receptors and their
ligands in the healthy tissues is essential for understanding their role in the physiological
processes as well as in the disease development. In most studies, the expression of Eph
receptors and ephrins is determined in vivo experiments in tissues and in cell lines. Results
vary, and often a greater variety of receptors is found in the cell lines. The reason for this is
not fully understood. The main hypothesis states that receptors become active at certain
phases of the cell cycle. Another one is that receptors that are highly species-specific may
not react with certain types of animal-derived antibodies used in the investigations. The
exact explanation of this phenomenon requires much further investigation and intensive
research. Kojima et al. investigated the expression of all up to date known Eph receptors
and their ligands in mice corneas. They examined not only healthy tissues but also corneas
with induced neovascularization [17]. According to the published results, healthy corneal
epithelium expresses EphA3. This is an interesting observation as EphA3 is also expressed
in the ophthalmic trigeminal nerve. This may indicate the involvement of EphA3 in
trigeminal nerve guidance during nerve reinnervation or maintenance [18]. The remaining
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receptors found in healthy corneas were EphB1, located mainly in the epithelium and in
keratocytes, and EphB4, which was expressed mainly in the epithelium and stroma [16].

In the study on human corneas, Walshe et al. showed that EphA1 and EphA2 are
expressed in the corneal endothelial cells [19]. Hogerheyde et al. proved that the healthy
endothelium expresses also ephrinA1 and EphB4. EphB4 was also present in the epithelium
and in the cells located between the collagen lamellae of the peripheral stroma. The most
intense EphB4 immunoreactivity was detected at the junctions between the individual
epithelial cells [20]. Kojima et al.’s study also showed that EphA2 is present at the cell-cell
borders throughout all layers of the corneal epithelium [21]. These observations confirmed
the significance of the Eph in maintaining the integrity of tissues and the organization of
the cells in relation to each other. Figure 1 shows a schematic drawing of the cornea. The
known expression of Eph and ephrins in individual layers is described.
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Figure 1. Diagram of a healthy cornea. Next to the names of the individual layers, the Eph receptors
and ephrins are mentioned, the presence of which has been known so far.

3. Effect of Eph and Ephrins on the Corneal Epithelium

Stratified nonkeratinized epithelium is an outer barrier that protects underlying tissues
from the external environment, injuries, and infections. The ability to quickly and efficiently
repair epithelial defects is particularly important [22]. After the injury, stem cells migrate
from the basal layers of the limbus towards the damage. The process of the repair at the
molecular level is complex. The role of Eph receptors and ephrins in the healing of the
corneal epithelium is relatively still poorly understood [23]. Research published so far
focuses mainly on EphA2 and ephrinA1. Kaplan et al. showed that ligand activation
of EphA2 restricts the migration of corneal epithelial cells [21]. They also hypothesized
that pathological conditions that increase the expression of ephrinA1, a ligand for EphA2,
may cause disturbances in the cell migration and, consequently, impair wound healing.
Diabetes is an example of such a condition. The healing processes of the corneal epithelium
in diabetic patients are impaired compared to those in healthy people [24]. Many factors are
responsible for this state, including reduced Akt and Erk1/2 phosphorylation [25]. These
reactions occur as a result of EphA2 activation by ephrinA1. Further research is essential to
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fully understand the effects of Eph and ephrin on the corneal epithelium healing. However,
in vitro studies have shown that elevated glucose levels induced an elevated ephrin A1
expression, which eventually decreased EphA2 levels and impaired migration of epithelial
cells [21]. Moreover, cell lines with increased EphA2 expression and treated with exogenous
ephrin-A1-Fc, exhibited slower wound healing and reduced cell migration. Treatment
of primary human corneal epithelial keratinocytes isolated from corneoscleral rims with
ephrin-A1-Fc also decreased wound healing. This reduction was due to the inhibition of
Akt signaling, a well-studied mediator of epithelial cell proliferation and migration [21].

At the border of the cornea and limbus, the structure of the epithelium changes. The
more differentiated corneal epithelial basal cells are clearly segregated from limbal, which
are enriched in progenitor cells [22]. There are also significant differences in the expression
of the certain proteins, such as enolase, calcium-linked epithelial differentiation protein
(CLED), and early epithelial differentiation protein (EEDA) [26]. Maintaining the correct
organization of the cells in physiological conditions and restoring it after injury is significant
in maintaining the proper function of the corneal epithelium [27]. In the case of improper
regeneration, when the cells do not adhere tightly to each other and to the Bowman’s
membrane, spontaneous epithelial defects appear. They are very painful, open the door
to potential infection, and worsen the optical parameters of the cornea. Kaplan et al., in
their studies, showed that EphA2 and ephrinA1 play a key role in limbal–corneal epithelial
compartmentalization. They prevent the migration of epithelial cells into the fields with
high levels of ephrin ligands, helping maintain normal tissue compartmentalization in the
conjunctiva, limbus, and cornea [26].

Another example of disturbed cell migration in the surface epithelium of the eye is
pterygium. Pterygium is a type of benign growth of connective tissue that situates above
the sclera. It arises mainly as a result of direct exposure to UV radiation. The formation
of pterygium leads to uncontrolled proliferation of cells. The lesion is classified as a mild
one, but the disease frequently reoccurs [28]. John-Aryankalayil et al. showed that in
the pterygium tissues, the level of ephrinA1 is reduced, which probably disrupts the
organization of the tissues and provokes invasion of the surrounding tissues [29].

The processes of fibrosis and angiogenesis play an important role in the pathogenesis
of pterygium. The vascularization within the pterygium is much more intense than in the
physiological conjunctiva. Blood vessels morphology is typical for neovascularization—
they are smaller in diameter and more branched. The vascular microdensity analysis
shows that in the pterygium, intense angiogenesis processes appear, and the expression
of VEGF is also increased [30]. Several studies have confirmed the role of Eph receptors
in angiogenesis in the pterygium development. Xue et al. showed that pterygium tissue
compared to normal conjunctiva showed high EphB4 expression and higher average count
of microvessels. The density in the examined tissues showed a significant correlation with
the expression of EphhB4 [31]. The same authors in another study showed that EphB4
and ephrinB2 are expressed throughout the pterygium epithelium, while in the healthy
conjunctiva, they are found only in the basal layers [32].

4. Effect of Eph Ad Ephrins on the Corneal Endothelium

The endothelium is primarily responsible for maintaining the transparency of the
cornea [33]. It consists of a monolayer of cells arrested mainly in the G1 phase of the
cell cycle [20]. Endothelial cells have no mitotic activity in vivo [12]. Hogerheyde et al.
showed that the corneal endothelium expresses ephrinA1 [20]. EphrinA1 was found
mainly in the cytoplasm of endothelial cells and exhibited immunoreactivity evenly over
the entire surface, both in the center and at the periphery of the cornea. Since ephrinA1
is a potent inhibitor of cell proliferation, in particular of the vessels endothelium, it can
be assumed that it may be partly responsible for the arrest of cells in particular phase of
the cell cycle [34]. Further detailed studies are needed to see if modulation of Eph and
ephrin-related signaling pathways could help in the development of corneal endothelial
regeneration strategies [35].
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The integrity of the endothelium layer is essential for proper functioning. Any break-
down can result in the corneal oedema, and consequently, serious vision impairment.
When some cells are lost due to aging, injury, or disease, the remaining cells fill in the gaps
by spreading and migrating, growing and losing their hexagonal shape (Figure 2) [12].
Walshe et al. investigated whether Eph/ephrins had an effect on endothelial cell motility.
They demonstrated that cultures of the corneal endothelial cells display reduced migration
and reduced levels of E-cadherin mRNA, following suppression of ligand-activated Eph
receptor signaling. They used lithocholic acid, a reversible, competitive, and non-selective
antagonist of the Eph/ephrin system, to reduce the migration of corneal endothelial cells
in the in vitro wound scratching test [19]. The research results are interesting, but it should
be remembered that lithocholic acid, a secondary bile acid, acts as a regulatory molecule,
reacting with many receptors, for example, the nuclear farnesoid X receptor (FXR) and
the G protein coupled TGR5 receptor [36]. For this reason, the obtained results require
careful checking in subsequent tests. However, the above studies indicate that Eph and
ephrins may have a significant influence on the maintenance of the normal function of
endothelial cells.
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Figure 2. Diagram of the healing process of the corneal endothelium. (A) A healthy endothelium is made up of a single
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cells reattach to each other but lose their hexagonal shape and exhibit variability in size. Membrane-bound Eph and ephrins
are expected to contribute to cell adherence and migration.

5. Corneal Neovascularization

Corneal neovascularization (NV) is a significant problem in ophthalmic practice.
The essence of the disease is the ingrowth of the blood vessels into the tissue, which
under normal conditions should remain avascular. Corneal avascular state, also defined
as corneal angiogenic privilege, is a complex process involving the maintenance of the
balance between anti-angiogenic and proangiogenic factors. This balance is shifted towards
proangiogenic factors with every injury, but the healing process does not always lead to
the development of NV [37]. Untreated NV could lead to further complications such as
oedema, lipid deposition, and tissue scarring, resulting in a significant deterioration of
visual acuity and quality of life [38]. Exact epidemiological statistics are not yet known.
One study showed that up to 4% of ophthalmic patients in the US show symptoms of NV.
It is also known that 20% of the samples taken during the corneal transplant procedure
show signs of NV on histopathological examination [39].

Corneal NV is usually associated with inflammatory or infectious disorders of the
ocular surface. One of the most common infectious causes of corneal NV is herpes sim-
plex virus infection. In developed countries, the incidence is estimated at 5.9–20.7 per
100,000 person/year. Prevalence is approximately 149 per 100,000 person/year [39]. Most
often, NV is associated with a recurrent form of the disease affecting the stroma of the
cornea. Unfortunately, its incidence and prevalence are unknown [40]. Other infections
that often lead to NV are trachoma and onchocerciasis. Trachoma, caused by infection with
Chlamydia trachomatis, is responsible for over 6 million cases of blindness worldwide,
the vast majority related to NV. Onchocerciasis, a parasitic infection, accounts for approx-
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imately 1 million total blindness cases in tropical countries, all associated with corneal
NV [40].

Another frequent cause of the corneal NV are complications with wearing contact
lenses. Corneal NV affects 1–20% of contact lens wearers. The vast majority of this applies
to soft lenses, especially in extended wearers. Moreover, 10–30% of patients diagnosed with
corneal neovascularization wear contact lenses [41]. The most likely cause is the exposure
of the cornea to chronic hypoxia. Other possible causes are chronic direct mechanical
damage to the surface of the eye in the event of a poor fitted lenses, or disturbance of the
tear film due to bad biocompatibility [42].

Other less common causes of corneal NV are bacterial infections, chemical burns
(especially alkali burns), trauma, degenerations (e.g., pterygium and Terrien marginal
degeneration), aniridia, and inflammatory conditions such as graft rejection, rosacea,
pemphigoid, and Steven’s Johnson syndrome [39].

There are two main types of corneal invading vessels. The conjunctival vessels,
responsible for the superficial vascularization, are bright red and well defined. They
tend to branch and may raise irregular epithelium. They cross the limbus and run in the
superficial layers of the stroma. Vessels sprouting from the capillaries and venules of the
pericorneal plexus, made up of the branches of the ciliary arteries, are responsible for deep
NV. They run in profound stromal layers, disappearing at the limbus and cannot raise
epithelium. They are dark red, ill-defined, and run parallel and radially [39].

In clinical practice, there are three basic types of the corneal NV [43]. In superficial
vascularization, vessels extend beneath the epithelium. They sprout from the superficial
marginal arcade. This type of NV develops in response to corneal trauma, mild chemical
burns, inflammation, and infections [40]. The second type of NV within the cornea is
pannus formation. The pannus is composed of connective tissue proliferating in the super-
ficial corneal periphery. Collagen and vessels grow from the limbus onto the peripheral
cornea and can cause permanent scarring [39]. Pannus formation is mainly associated
with disorders of the surface of the eye, especially when irritants act on the cornea for a
long time [37]. Lastly, stromal vascularization can occur at any level of the stroma, from
beneath Bowman layer to Descemet membrane. It is associated with most forms of stromal
keratitis [37]. Deep NV, overlying Descemet’s membrane can be seen in serious anterior
segment injuries, tuberculosis, syphilis, and scleritis [39].

Abnormal vessels within the cornea arise as a result of angiogenesis, the sprouting
and branching of new vessels from the existing ones. In the process of angiogenesis, the
most important are VEGF/VEGF receptor, angiopoietin/Tie2, and ephrin/Eph receptor
complexes [44]. Eph and ephrins are involved in the angiogenesis process at every stage,
starting with proliferation and migration of endothelial cells, assembly and recruitment of
perivascular cells, and finally remodeling of the extracellular matrix [45–47].

6. Eph and Ephrin Expression in Neovascularized Corneas

Under NV conditions, the corneal tissues express more Eph receptors and ephrins
than the healthy tissues (Table 1).

Table 1. Comparison of Eph and ephrin expression in normal and NV cornea.

Healthy Cornea NV Cornea

EphA1 Endothelium Epithelium
EphA2 Epithelium, endothelium Epithelium
EphA3 Epithelium Epithelium, stroma
EphB1 Epithelium Epithelium, stroma
EphB4 Epithelium, stroma, endothelium Epithelium, stroma

ephrinA1 Epithelium, endothelium Epithelium, stroma
ephrinA2 Not shown Epithelium, stroma
ephrinB1 Not shown Epithelium, stroma
ephrinB2 Not shown Epithelium, stroma
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The already mentioned study by Kojima et al. showed the expression of EphA3,
ephrinA1, EphB1, EphB4, and ephrinB1 in the epithelium of mice cornea with NV (ex
vivo study) [17]. EphrinB1 and EphB1 were also immunolocalized to the stroma of the
vascularized cornea, and their distribution was strongly related to the vessels. EphrinB1
was immunolocalized mainly to the keratocyte around the vascular endothelium and
EphB1 was localized in the endothelium. In another study, EphA3 was immunolocalized in
mouse corneal epithelial cells, keratocytes, and stroma [44]. EphA2 was immunolocalized
only in the epithelial cells. EphA1 and ephrinA2 were detected in the epithelial cells and
keratocytes. In addition, ephrinA1, EphB1, EphB4, ephrinB1, and ephrinB2 were detected
in the corneal epithelial cells, keratocytes, and stroma. In the vascularized corneas, ephrinB1
was mainly immunolocalized to the keratocytes around the vessels, and ephrinB2, EphB1,
and EphB4 were mainly localized in the vascular endothelial cells. The above observations
seem to confirm the role of Eph and ephrin in the development of NV within the cornea. The
location of receptors within the endothelium and their ligands in keratocytes around the
endothelium is particularly noteworthy. This observation is consistent with the mechanism
of action of Eph and ephrins described in the literature, which increases the reliability of
the results.

7. Eph and Ephrins in Corneal Neovascularization Models

The experimental models developed for the needs of the clinical trials prove the role
of Eph and ephrin in the corneal NV process. Pellets impregnated with test substances
are implanted into micropockets in the cornea, using animals, most often mice and rats,
in the research [48]. Such studies have shown that ephrinB2 induces angiogenesis in vivo
and newly formed vessels infiltrated the pellet [49]. Another, more detailed study showed
that ephrinB2 induces NV in the cornea and that the newly formed vessels are weaker
but of similar length compared to the VEGF-induced ones. Comparing the blood vessels
formed under the influence of ephrinB2 and VEGF, it was found that ephrinB2 has a
stronger effect on the formation of venous vessels, while VEGF induces the formation
of arteries [50]. Activation of EphB1 also induces angiogenesis within the cornea, as
does ephrinB1 and ephrinB2 [44,51]. Additionally, ephrinA1 induced corneal NV in the
experimental models [46,52]. Moreover, Cheng et al., in studies on the corneas of mice,
proved that EphA receptor activation is necessary for VEGF-induced angiogenesis and
the soluble form of the EphA2 receptor inhibits ephrinA1-induced corneal angiogenesis
in vivo [46].

8. Possible Applications of Eph and Ephrin Signaling System Modifying Drugs in
Corneal Diseases

In the above considerations, we have shown that Eph and ephrins play an important
role in various corneal diseases. This makes them a potentially interesting target for
therapy. However, their safety profile must be confirmed. Some of the systemic drugs in
the treatment of cancer have an affinity for Eph receptors. For example, dasatinib, a multi-
targeted kinase inhibitor, potently inhibiting EphA2 and other Eph receptors [53]. Based
on their characteristics, preliminary conclusions about side effects can be drawn. There
are also several clinical trials in which patients are given systemic EphB inhibitors (clinical
trial numbers: NCT02717156; NCT02767921; NCT03049618; NCT03146971; NCT02495896;
NCT01642342; NCT03049618). The results have yet to be published, but none of the studies
have been discontinued due to unacceptable toxicity.

However, it should be remembered that in ophthalmology, drugs are administered
mainly topically, therefore, the potential toxicity to the structures of the eyeball will be of
the decisive importance. Several studies have been published in which EphB inhibitors
were administered by intravitreal injections to mice and rats [54–57]. In these studies,
intravitreal administration of Eph inhibitors inhibited retinal NV in animal models. The
reduction in NV was demonstrated by immunohistochemistry. There were no necrotic
changes or other deviations from the norm that could indicate the toxicity of the tested
substances in the examined fragments of the retina. Brar et al., in rabbit studies, showed
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that the intravitreal administered soluble form of the EphB4 receptor (sEphB4) showed
no toxicity to the ocular tissues [58]. As the structures inside the eyeball, in particular, the
retina, are more susceptible to damage caused by drugs, the above results suggest that
also topically applied drugs should not be toxic to the conjunctiva and the cornea [59].
In drug research, however, it should be remembered that both their bioavailability and
possible toxicity may vary significantly depending on the species under study. For this
reason, even very good results in the treatment of animals do not necessarily mean success
for humans [60]. Due to the specific structure of the cornea, the route of administration is
also important for the final result. For the treatment of the cornea, it is usually necessary to
administer drugs topically in the form of drops [61]. With this route of administration, due
to the rich vascularization of the conjunctiva, relatively more substances are absorbed into
the bloodstream [62].

More and more studies are available on drugs modifying the action of Eph and
ephrins [63,64]. Much attention is paid to the role of monoclonal antibodies targeting Eph
receptors, due to their relatively high target specificity [65,66]. Of course, the exact safety
profile of Eph inhibitors still requires intensive research. Hopefully, more centers will test
them over time for treating eye diseases as preliminary results are very promising.

9. Summary

Eph and ephrins form an extremely diverse and interesting group. Due to the already
known functions, they are the subject of many studies, not only in the context of oncology.
The cornea seems to be an inconspicuous structure, but it should be remembered that even
the slightest disturbance in its functioning can lead to serious complications—a significant
deterioration of vision, as well as pain in patients. What is worse, due to its complicated
structure and the need to maintain translucency, the therapeutic possibilities are very
limited. There are currently more questions than answers regarding the relationship
between Eph and ephrin and corneal diseases. However, it is certainly worth conducting
further research in order to be able to use the acquired knowledge in the effective treatment
of patients in the future.
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